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Abstract 
This paper presents a methodology to obtain force information during CNC machining simulation for 
drilling process especially when the workpiece is inclined to the drill axis or has internal cavities. First, 
a mechanistic force model is introduced to relate drilling forces to drill geometry and drilling process 
parameters. Next, an algorithm is introduced to calculate contact boundary between drill point and 
workpiece especially when the workpiece has irregular shape for each step. Finally, maximum drilling 
forces for each drilling step are obtained by applying the mechanistic force model to the calculated 
contact boundary. The model is demonstrated on and validated with designed cases. The results show 
that the mechanistic force model can predict the drilling forces accurately with varying drill geometry 
and process parameters and the model can deal with drilling into irregular workpiece. 
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1 Introduction 
Large NC code for machining complex and expensive parts is customarily simulated in a virtual 
machining environment before loading into the CNC machine for actual machining operation. This 
crucial step helps identify potential errors like tool collision, over or less cut of workpiece produced by 
the NC code. Recently, optimization modules have been developed and integrated to these virtual 
machining environment platforms to modify NC code aiming to increase machining efficiency by 
optimizing the feed rate. They do so by keeping the material removal rate (MRR) constant by 
adjusting feed rate at each line of the NC code. For example, OptiPath module in Vericut (CGTech, 
Inc) and PS-Optifeed module in PowerMILL (Delcam) increase feed rate when the MRR is lower and 
decrease feed rate when the MRR is higher than a set MRR to achieve a constant set MRR.  
However, optimization of feed rate to realize a constant MRR has some limitations. For example, 
when a tool is machining into an inclined workpiece, the radial force acting on the tool will deflect or 
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break the tool even at a lower MRR. A solution to this issue requires instantaneous force information 
to be considered for NC code optimization. An accurate force model with respect to many parameters 
including tool geometry parameters and machining process parameters is necessary for such 
optimization module. Though, empirical force models are simple and convenient to be integrated in 
CAM software, not many tool geometry parameters can be included. Moreover, a lot of calibration 
experiments are required, which are costly and time consuming. Numerical models or finite element 
models may circumvent the need for experiments, but necessitate detailed tool and workpiece material 
properties which are hard to obtain for the diversity of materials employed in the field. Therefore, 
mechanistic model is used for such integration, which need only a few calibration experiments and can 
include enough input parameters. Karunakaran et al. introduced an octree-based NC simulation system 
to optimize feed rate by using an instantaneous mechanistic force model for milling process 
(Karunakaran, Shringi, Ramamurthi, & Hariharan, 2010). Third Wave Systems production module 
(Third Wave Systems), MACHPRO (MAL Inc.) and new force module under Vericut (CGTech Ltd.) 
are also based on mechanistic force model to optimize feed rate for milling and turning processes. 
However, no such module is available for drilling process especially when drilling into irregular 
workpiece like with inclined surfaces and internal cavities.  
This paper presents a methodology to model drilling forces information during NC code 
(APT/CLS) verification of drilling process for further optimization usage. The drilling force module is 
developed and integrated into Vericut. First, a mechanistic model is introduced to relate drilling forces 
to drill geometry and drilling process parameters. Then, an algorithm is developed to obtain contact 
boundary between drill tip and workpiece based on API functions provided by vericut at each CL 
(cutter location) step. Third, the instantaneous maximum drilling forces are obtained by applying the 
proposed mechanistic model to the engaged cutting edges of drill bit. Finally, a typical aerospace 
material Ti6Al4V is used to calibrate the mechanistic force model and verify the drilling module under 
Vericut. 
 
 
Figure 1 Twist drill geometry and elemental cutting sections 
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2 Mechanistic Force Model 
Before obtaining instantaneous drilling forces during NC code simulation, a force model should be 
developed to relate drilling forces to drill geometry and drilling process parameters. In this study, a 
mechanistic model is introduced. Twist drill bit and split point drill bit are used extensively in industry. 
Twist drill bit will be taken as instance to explain the mechanistic force model. Figure 1(a) shows the 
twist drill geometry and main parameters including radius R, point angle 2p, helix angle ߜ଴ , web 
thickness 2w and chisel edge angle ߰. 
2.1 Force Model Development 
Considering the complex geometry of drill bit, the cutting edge on the drill bit will be discretized 
into a series of elemental segments and different cutting mechanism will be used for each section. For 
each elemental segment along the cutting lip, a local correspondence to oblique cutting mechanism 
(Figure 1(b)), and for elemental segments along chisel edge, orthogonal cutting (Figure 1(c)) is 
formulated. There is a small indentation zone around drill point center along chisel edge 
(Chandrasekharan, Kapoor, & DeVor, 1995; Sui, Sugita, Ishii, Harada, & Mitsuishi, 2014), which has 
little effect on drilling forces and will be neglected for this study. The cutting forces (normal force dFn 
and friction force dFf) in the rake-face coordinate system are assumed to be proportional to the chip 
load or uncut chip area (dA), the projected area of the shear plane measured in a plane normal to the 
cutting speed vector (Figure 1(b)). The cutting forces and uncut chip area can be written as 
݀ܨ௡ ൌ ݇௡݀ܣሺͳሻ 
݀ܨ௙ ൌ ݇௙݀ܣሺʹሻ 
݀ܣ ൌ ݐ௖ ൈ ܾሺ͵ሻ 
where kn and kf are the specific normal and friction forces, tc is the uncut chip thickness, and b is width 
of elemental cutting section.  
      The specific normal and friction forces are dependent on uncut chip thickness (tc), normal rake 
angle (ߙ) and speed (V), which can be described as ( (Lee, Gozen, & Ozdoganlar, 2012)) 
݈݊ ݇௡ ൌ ܽ଴ ൅ ܽଵ ݈݊ ݐ௖ ൅ ܽଶ ݈݊ ܸ ൅ ܽଷ ݈݊ሺͳ െ ݏ݅݊ ߙሻ ൅ ܽସ ݈݊ ݐ௖ ݈݊ ܸሺͶሻ 
݈݊ ݇௙ ൌ ܾ଴ ൅ ܾଵ ݈݊ ݐ௖ ൅ ܾଶ ݈݊ ܸ ൅ ܾଷ ݈݊ሺͳ െ ݏ݅݊ ߙሻ ൅ ܾସ ݈݊ ݐ௖ ݈݊ ܸ ሺͷሻ 
Where, a0~a4 and b0~b4 are coefficients, which will be obtained by experimental calibration. V is the 
cutting speed and α is normal rake angle. 
      The elemental torque dMz and axial thrust force dFz (Figure 1(a)) in the drill bit coordinate system 
are obtained from the cutting forces (dFn and dFf) in rake-face coordinate system by force 
transformation, which is shown in equation (6). 
൤ ݀ܨ௭݀ܯ௭
൨
ൌ ቎ܿ݋ݏ ߚ ݏ݅݊ ݌ ܿ݋ݏ ߙ െ ܿ݋ݏ ݌ ݏ݅݊ ߣሺݏ݅݊ ߙ െ ͳሻ െ
ܿ݋ݏ ߚ ݏ݅݊ ݌ ݏ݅݊ ߙ ൅ ܿ݋ݏ ݌ ݏ݅݊ ߣ ܿ݋ݏ ߙ
ܿ݋ݏ ߣ
ݎሺݏ݅݊ଶ ߣ ൅ ܿ݋ݏଶ ߣ ݏ݅݊ ߙሻ ݎ ܿ݋ݏ ߣ ܿ݋ݏ ߙ
቏ ൤݀ܨ௙݀ܨ௡
൨ሺ͸ሻ 
Where, λ is the inclination angle and β is the inclination angle in the projected plane normal to drill 
axis, p is half of point angle, α is normal rake angle, and r is the radius of the elemental section to drill 
axis.  
      The total axial thrust force and torque can be obtained by adding up all elemental torque and thrust 
force along all cutting lips and chisel edge, which are written as 
ܨ௭ ൌ ݊ ൈ෍ ݀ܨ௭
௠
ሺ͹ሻ 
ܯ௭ ൌ ݊ ൈ෍ ݀ܯ௭
௠
ሺͺሻ 
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Where, n is the number of cutting edges, m is the total elemental number for one cutting edge 
including half chisel edge and one cutting lip. 
2.2 Model Calibration 
The coefficients (a0~a4 and b0~b4) are calibrated by designed experiments. Considering the normal 
rake angle, speed along cutting lip are changing with respect to radius, the coefficients for the specific 
normal and friction forces are calibrated with the cutting lip by dividing it into a series of elemental 
segments with variable normal rake angle and cutting speed. The cutting action of cutting lip is 
separated from that of chisel edge by a pilot hole which is equal to or a bit larger than the chisel edge 
length, as proposed by (Lee, Gozen, & Ozdoganlar, 2012; Sui, Sugita, Ishii, Harada, & Mitsuishi, 
2014; Chandrasekharan, Kapoor, & DeVor, 1995).  
 
Drilling experiments under 4 combinations of drilling conditions are conducted to calibrate the 
coefficients of the specific normal and friction force equations for Ti6Al4V workpiece with a split 
point drill (HSS), which are shown in Table 1. The geometrical details of the split point drill (see 
Figure 2) are listed in Table 2. The machine used for this study is Makino V55 machining center, and 
the drilling forces are measured with Kistler type 9255B dynamometer (Kistler Group, Switzerland) 
and the machine power is measured by PPC-3 portable power cell (Vydas, UK). The mechanical 
properties of Ti6Al4V material (annealed, grade 5) are list in Table 3 (Matweb). 
 
 
No. Spindle speed (rpm) Feed rate (mm/rev.) 
1 250 0.025 
2 550 0.025 
3 250 0.055 
4 550 0.055 
Table 1 Calibrated experiments 
 
Figure 2 Split point drill geometry parameters 
Parameters Value 
Radius R (inch) 0.25 
Web thickness 2t1 (inch) 0.164 
Web thickness after splitting 2t2 (inch) 0.0128 
Helix angle  ߜ଴ (deg) 30 
Point angle 2p (deg) 135 
Chisel edge angle ψ (deg) 97.62 
Splitting angle Ω (deg) 134.11 
Notch rake angle ߚ௥ (deg) 5.35 
Table 2 Geometry parameters of split point drill (HSS) 
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After performing regression analysis on the results of the four calibrated drilling experiments, the 
coefficients obtained for the specific normal and friction force are shown in Table 4. 
 
3 Contact Boundary Calculation 
For calculation of instantaneous drilling forces during drilling NC code simulation, an important 
consideration is the contact boundary between drill bit tip and workpiece for each step.  
In order to obtain contact area and then calculate contact boundary to decide engaged cutting edge 
section, a drilling simulation with APT/CLS code (Automatically programmed tool/cutter location 
step) is used to obtain the contact boundary data at each step. A 7 parameter APT tool is used to 
describe the cross section of drill bit tip (Figure 3). The 7 parameters to describe this cross section can 
be calculated by actual drill geometry parameters (Table 2). 
 
The algorithm to obtain contact boundary is developed based on OptiPath Module under Vericut. 
Two functions are provided by OptiPath module to judge the contact area between tool and workpiece 
(opapi_get_grid_map(sOPAPI_MAP *map) is used to create a square grid map with adjustable size 
and opapi_get_decompressed_map_data(sOPAPI_MAP *map, int *size, char **values) is to obtain 
binary values for each grid point). The drill tip is projected into a plane normal to drill axis and a 
square grid map with drill diameter dimension is generated. The grid size can be changed by 
Properties Values 
Density (kg/m3) 4430 
Elastic modulus (GPa) 113.8 
Poisson’s ratio 0.342 
Specific heat (J/kg-oC) 526 
Thermal conductivity (W/m-K) 6.7 
Melting point (oC) 1630 
Table 3 Physical properties of Ti6Al4V (Grade 5, annealed) 
i ai bi 
0 8.2925 5.8509 
1 -0.6191 -0.8264 
2 -0.1469 0.0602 
3 0.9931 0.5957 
4 0.0699 0.0651 
Table 4 Coefficients of specific cutting forces for Ti6Al4V 
 
Figure 3 Parametric profile of drill bit (APT 7)
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resolution setting. The values on the grid points indicate whether the tool is in contact with workpiece 
(1 stands for in contact, 0 not).  Based on the grid map and point values, all boundary points can be 
obtained by operating two procedures. First, all the components are identified based on “one 
component at a time” marching squares method (Dillencourt, Samet, & Tamminen, 1992) (Aho & 
Hopcroft, 1974). Then a moore-neighbor tracing algorithm (Pavlidis, 1982) is applied to each contact 
area component and the boundary points for each component are obtained (Figure 4). 
 
 
4 Maximum Force Calculation 
Once the contact boundary points are obtained for each step, the instantaneous drilling forces are 
different for different sections of cutting edges along drill bit tip are in contact with workpiece during 
one rotation for one step. Therefore, the maximum forces are used for each step or cutter location (CL) 
relative to workpiece. In this study, the same split point drill used for model calibration is also used in 
the calculation of maximum forces. Since the split point drill has two cutting edges, each cutting edge 
has to rotate 180 degree to capture all possible cutting edge positions relative to contact boundary to 
calculate drilling forces for each step (or CL). For each cutting edge position, the engaged sections for 
the two cutting edges can be obtained by calculation of intersection points between cutting edges and 
contact boundary (Figure 5(a)). The engaged cutting sections are then divided into a series of small 
enough cutting elements. The elemental cutting forces are then obtained by the calibrated mechanistic 
force model and transformed to drill bit and general coordinate systems. The total drilling forces can 
be obtained by adding the contributions of all the elements along the two engaged cutting edges. If 
total x positions for the cutting edge are considered to calculate the drilling forces, the interval radian 
 
Figure 4 Contact area and boundary for certain drilling step 
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for continuous two positions is π/x. For each cutting edge position, the elemental cutting forces and 
total drilling forces can be obtained as bellow 
൥
݀ܨ௧
݀ܨ௥
݀ܨ௭
൩ ൌ ܶ ൤݀ܨ௡݀ܨ௙൨ሺͻሻ 
ܨ௥ ൌ෍݀ܨ௥ሺ݅ሻ
௔ଵ
௜ୀଵ
െ෍݀ܨ௥ሺ݆ሻ
௔ଶ
௝ୀଵ
ሺͳͲሻ 
 
ܨ௭ ൌ෍݀ܨ௭ሺ݅ሻ
௔ଵ
௜ୀଵ
൅෍݀ܨ௭ሺ݆ሻ
௔ଶ
௝ୀଵ
ሺͳͳሻ 
ܯ௭ ൌ෍݀ܨ௧ሺ݅ሻ ൈ ݎ௜
௔ଵ
௜ୀଵ
൅෍݀ܨ௧ሺ݆ሻ ൈ ݎ௝
௔ଶ
௝ୀଵ
ሺͳʹሻ 
Where, a1 and a2 are element numbers of engaged cutting edge #1 and #2, dFt is elemental tangential 
cutting force, dFr is elemental radial cutting force, dFz is elemental thrust force or axial force. T is 
transformation matrix. dFn and dFf are specific normal and friction forces for each cutting element.  Fr 
is radial force, Fz is thrust force, Mz is torque. The transformation matrix is given as 
ܶ ൌ ൥
ܿ݋ݏ ߙ ܿ݋ݏ ߣ ݏ݅݊ଶ ߣ ൅ ݏ݅݊ ߙ ܿ݋ݏଶ ߣ
ܿ݋ݏ ߙ ݏ݅݊ ߣ ݏ݅݊ ߣ ܿ݋ݏ ߣሺݏ݅݊ ߙ െ ͳሻ
െ ݏ݅݊ ߙ ܿ݋ݏ ߣ ܿ݋ݏ ߙ
൩ሺͳ͵ሻ 
 
 
As seen in Figure 5, the cutting edges are rotated 180 degree in an anti-clockwise direction and the 
process is divided into 36 intervals. Drilling forces are calculated for all 37 positions. The last position 
(37) of cutting edge #1 coincides with initial position (1) of cutting edge #2. Therefore, drilling forces 
on these two positions have the same values. By using a sort algorithm, the maximum drilling forces 
can be obtained (Figure 5(b)). By using this method for all drilling steps (or CLs), maximum drilling 
forces can be obtained for the whole drilling simulation. 
 
Figure 5 Contact boundary with engaged cutting sections at initial position and drilling force curves with 
respect to 37 positions for the step 
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5 Drilling Module Validation and Demonstration 
A drilling project is constructed under Vericut and the drilling module is applied to obtain drilling 
force information. The drilling project includes the same split point drill bit and a workpiece with a 
pilot hole used in calibration experiments. The calculated drilling forces are compared with that of 
drilling experiments. The comparison result is shown in Figure 6 at a drilling condition with a spindle 
speed of 400 rpm and a feed rate of 0.63 ipm (inch per minute). As seen from Figure 6, the calculated 
results fit well with experimental results. The calculated forces are a little bit lower than experimental 
values, which can be explained by the chip evacuation and rubbing effect between drill bit and hole 
surface. These effects are not modeled in the mechanistic force model. 
 
The advantage of integration of the drilling model into a virtual machining environment (here 
Vericut) is that drilling forces can be obtained for an irregularly shaped workpiece, such as one with 
inclined entrance or exit surface or has internal cavity. There is no way to obtain the accurate drilling 
forces and to optimize the drilling procedure. By integration of the drilling model, the drilling forces 
can be obtained when the drill bit tip contacts with any irregular workpiece because the drilling model 
is based on application of mechanistic model to contact boundary and all the contact boundary 
components can be obtained by the above mentioned algorithms.  
To demonstrate this advantage, a new drilling project is created. The new drilling project includes 
an irregular workpiece with inclined entrance/exit surface and internal cavity. NC code (Cutter 
locations) during entrance, exit, and through internal cavity of workpiece are refined to better show the 
drilling force changes during these drilling conditions. As is seen from Figure 7, a cylindrical 
 
Figure 6 Comparison of drilling thrust force and horse power from experiments and 
model calculation (Spindle speed 400 rpm, Feed rate 0.63 ipm) 
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workpiece is inclined with 12 degrees and includes a ball cavity with a radius of 0.375 inch. The drill 
bit has a radius of 0.25 inch. The drilling forces and corresponding relative positions between 
workpiece and drill bit are shown in Figure 8. During entrance into or out of an inclined surface or ball 
surface, the thrust force and torque will increase or decrease respectively. However, the maximum 
radial force will first increase then decrease until the whole drill point is engaged in cutting or out of 
cutting. In zone (g), the torque has a small peak at 382.9 second, which is caused by the accuracy of 
the contact boundary calculation algorithm. It can be seen that when drilling into or out from an 
irregular surface, the radial force is quite large which can deflect or even break the drill bit. Moreover, 
this deflection of drill bit will make the hole quality worse. These drilling force information can be 
used to optimize the NC code to avoid those possible serious drilling forces and realize safe drilling 
and better hole quality for irregular workpiece drilling procedures. 
 
 
 
Figure 7 Section view of inclined workpiece with cavity before (left) and after (right) drilling 
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Figure 8 Drilling force curves with time and 7 typical zones 
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6 Discussions 
The accuracy of the developed drilling module is depended on several aspects. One is the accuracy 
of the mechanistic force model, which is based on cutting mechanics and limited experiments. The 
model is calibrated with only cutting lips of drill bit by separating drilling forces on cutting lips from 
that on chisel edge. One problem is that the normal rake angle along the chisel edge of drill bit is quite 
large negative, which is out of range of calibrated experiments for cutting lips. Applying these specific 
normal and friction force equations to chisel edge will induce some errors. 
The second aspect is the algorithm to obtain the contact boundary between drill bit tip and 
workpiece. Theoretically, when the grid size of the generated grid map is infinitesimal, the obtained 
contact boundary will coincide with the ideal contact boundary. However, the computation time will 
be quite large if the grid is arbitrarily refined. Therefore a rational size of grid map will compromise 
with the accuracy. 
Another aspect is that only maximum force is used to represent one step or cutter location, other 
cutting edge positions relative to the contact boundary is neglected. The maximum drilling forces 
(among thrust force, radial force, and torque) are not consistent with respect to cutting edge positions.  
7 Conclusions 
This paper provides a methodology to obtain instantaneous drilling forces during drilling process 
simulation especially when the workpiece is irregular. A mechanistic force model is introduced to 
correlate drilling forces with drill bit geometry and drilling process parameters. Algorithms are 
developed to obtain contact boundary between drill bit and workpiece followed by calculation of 
maximum drilling forces by applying the developed force model to the engaged contact boundary. The 
model is calibrated and verified with Ti6Al4V material and the results fit well with experiments. The 
drilling model is also applied to a complex drilling case including inclined surface and internal cavity. 
The modeled drilling forces provide a basis to optimize feed rate to avoid excessive drilling forces. 
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